A B S T R A C T Bacteria that survive inside polymorphonuclear neutrophils (PMN) following phagocytosis are protected from the bactericidal action of most antibiotics. Two possible explanations are altered metabolism by intraleukocytic bacteria or failure of antibiotics to enter the phagosome. The oxygen consumption of intraleukocytic and extraleukocytic bacteria was measured as an index of bacterial metabolism. PMN respiration and bactericidal activity were suppressed with large doses of hydrocortisone and extraleukocytic bacterial oxygen consumption was abolished by the addition of lysostaphin. Intraleukocytic bacterial continued to consume oxygen suggesting that surviving ingested microorganisms are metabolically active. Neither penicillin (which cannot kill intraleukocytic bacteria) nor rifampin (which can kill intraleukocytic bacteria) was bactericidal for staphylococci at 5°C. Thus, rifampin is not uniquely able to kill "resting" bacteria. The total water space in the pellets was quantitated using tritium water and the extracellular water space was measured using Na2'5SO4. All penicillin associated with the cell pellet could be accounted for in extracellular water. Thus penicillin was completely excluded from the leukocytes. Rifampin was concentrated in the cell pellet 2.2 times when compared with the supernatant concentration.
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Intraleukocytic or extraleukocytic Staphylococcus aureus were incubated with [benzyl-'4C]penicillin for 2 h at 370C. Live The total water space in the pellets was quantitated using tritium water and the extracellular water space was measured using Na2'5SO4. All penicillin associated with the cell pellet could be accounted for in extracellular water. Thus penicillin was completely excluded from the leukocytes. Rifampin was concentrated in the cell pellet 2.2 times when compared with the supernatant concentration.
These studies suggest that a likely explanation for the survival of phagocytized bacteria in the presence of high concentrations of most antibiotics is the inability of the INTRODUCTION Several investigators have demonstrated that bacteria surviving intracellularly within phagocytes are not killed when incubated with concentrations of antibiotics many hundreds of times above the minimum bactericidal concentration (1) (2) (3) (4) (5) (6) . Intraleukocytic bacteria may be unaffected by antibiotics because (a) the antibiotics do not reach the bacteria in their intracellular location or (b) the antibiotics do reach the bacteria, but because of altered metabolism, the bacteria are insensitive to the lethal action of the antibiotics.
If bacteria that had been ingested by leukocytes were "resting" this could explain their insusceptibility to most antibiotics (7) . To test one aspect of this question we studied the bactericidal activity of penicillin (a representative bactericidal antibiotic that does not kill intraphagocytic organisms) and rifampin (the only antibiotic, to date, shown to rapidly kill intraphagocytic organisms) on staphylococci at 5PC to see if the antibiotics were effective against these metabolically slowed bacteria. In other experiments the rate of oxygen consumption by both intraleukocytic and extraleukocytic bacteria was measured as an index of the metabolic state of the intraleukocytic bacteria. Leukocyte oxygen consumption was suppressed with hydrocortisone and extraleukocytic bacteria were killed with lysostaphin.
Prior studies in other laboratories suggested that penicillin can penetrate mammalian cells (8) . Since bacteria that are killed by penicillin tightly bind this antibiotic (9, 10) , experiments were performed to see if intraleukocytic bacteria bind penicillin to the same degree as do extraleukocytic bacteria. In other experiments radiolabeled penicillin and rifampin were incubated with leukocyte suspensions to quantitate the distribution of the antibiotics in the cell pellet. Corrections were made for total water in the pellet measured by tritium water
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Penetration of leukocyte membranes by an antibiotic involves passage from an aqueous phase (the extracellular fluid) through a lipid phase (the cell membranes) into an aqueous phase (the phagosome). An aqueouslipid-aqueous phase diffusion model was set up to test the ability of 18 antibiotics to pass through these phases and then kill bacteria.
METHODS
Oxygen consumption of intraleukocytic and extraleukocytic bacteria. Leukocytes were separated from peripheral blood by dextran sedimentation of erythrocytes. The erythrocytes remaining in the supernatant fluid with the leukocytes were lysed with iced distilled water X 2 (14 In order to eliminate leukocyte oxygen consumption, 4.8 mg/ml of hydrocortisone 21-succinate was added after phagocytosis had taken place (15) . Extracellular staphylococci were killed by the addition of lysostaphin in a final concentration of 30 U/ml. After the inactivation of lysostaphin with trypsin (25 mg/ml), viable bacteria were enumerated by hypotonic lysis of leukocytes, serial dilution and pour plate counts (16) .
Bactericidal effect of antibiotics on bacteria at 5°C. Staphylococcus aureus (1.0 X 105/ml) were incubated in nutrient broth at 370C or at 50C with either 10 gg/ml of penicillin or 10 Atg/ml of rifampin. After 10 ,000 g for 30 min. The supernatant fluid was saved and the sediment was washed twice with dextrose broth (Baltimore Biologic Laboratories). The sediments were resuspended in 0.2 ml H20 and mixed with 20 ml scintillation counting fluid prepared by mixing 660 ml of toluene, 300 ml of methanol, and 40 ml of Liquifluor (New England Nuclear Corp., Boston, Mass.). Counting efficiency was 75%.
' Abbreviations used in this paper: HBSS, Hanks' balanced salt solution; PMN, polymorphonuclear neutrophil.
Supernatant scintillation counts were also performed on 0.2 ml samples of the 10,000 g supernatant fluid. Corrections were made for quenching and appropriate blanks were subtracted. Studies were also performed with leukocytes alone to measure penicillin binding by these cells. Other experiments were done with sonically disrupted leukocytes and numbers of live bacteria equal to those surviving inside phagocytes.
Antibiotic distribution in leukocytes. A leukocyte suspension was prepared as previously described and the erythrocytes were hypotonically lysed X 2 with water. The leukocytes were resuspended in 4.5 ml of HBSS with bicarbonate and divided into five aliquots of 0.9 ml containing 5 X 107 leukocytes each and placed in 2 ml A in X 119 in cellulose tubes. [Benzyl-"C] penicillin potassium (4 Figs. 1  and 2 . Live intracellular S. aureus continued to consume oxygen after the addition of lysostaphin (which abolishes extraleukocytic bacterial oxygen consumption) and hydrocortisone (which stops post phagocytic leukocyte oxygen consumption). In contrast to this the oxygen consumption of S. aureus incubated with heat-killed leukocytes was completely abolished by lysostaphin. The mean oxygen consumption (±SEM) with live leukocytes was 1.50±0.31 (n = 5) il/min and for the group with heat-killed leukocytes was 0.30±0.17 (n = 5) Atl/ min (P < 0.02). 10 /Ag/ml of penicillin and 7.5 X 10' staphylococci survived incubation with 10 /g/ml of rifampin.
["4C]penicillin binding to intraleukocytic and extraleukocytic bacteria. The results are shown in Fig. 3 Antibiotic distribution in leukocytes. C shows the penicillin present in the extracellular water space of the pellet. D shows the rifampin present in the extracellular water space of the pellet. E is the cell-associated penicillin (total pellet penicillin -extracellular water penicillin). F is the cell-associated rifampin (total pellet rifampin -extracellular water rifampin). G shows the predicted antibiotic content of the pellet for an antibiotic that is freely diffusible between extracellular water and intracellular water. All the penicillin in the pellet could be accounted for in the extracellular water. A and C were not significantly different (0.6 > P > 0.7), while A vs. B and E vs. F were significantly different (P <0.001, Student's t test).
is extracellular. This figure is compatible with the data of Baron and Ahmed (12) and Patrick and Hilton (13) who used a special technique for preparing pellets as free as possible from extracellular water. They found their leukocyte pellets to contain 67% of the total pellet water as extracellular water. Fig. 5 shows the amount of antibiotic present in various components of the cell pellet. The entire penicillin content of the pellet could be accounted for in the extra- Blank filter paper discs were soaked in 100 Mg/ml of antibiotic except as noted and placed in wells cut in seeded agar culture dishes filled with either Hanks' balanced salt solution or with cottonseed oil. After 24 h of incubation zones of inhibition around the wells were measured. cellular water. In contrast, rifampin was concentrated in the cells when compared with the extracellular water. Lipid diffusibility of antibiotics. Table I shows the results of studies done with 18 antibiotics. Only rifampin diffused through cottonseed oil to give a zone of inhibition. Rifampin was also the only one of these 18 antibiotics that was capable of killing intracellular bacteria (6) (Mandell, G. L., unpublished observations).
DISCUSSION
In 1916 Rous and Jones described the inability of bactericidal substances to kill pathogenic microorganisms inside living tissue cells (17) . More recently it has been well-documented that living intracellular bacteria are protected against the lethal action of antibiotics (1) (2) (3) (4) (5) (6) . The mechanism whereby this occurs has been a subject of much discussion and investigation. Dr. Harry Eagle, in a series of papers in the 1950's (8-10) studied penicillin binding by bacteria and mammalian cells. He showed that penicillin was bound and concentrated by penicillinsensitive bacteria. His studies were interpreted to show that penicillin could penetrate mouse fibroblasts and HeLa cells so that concentrations of intracellular penicillin were about 63% of that in the surrounding media.
I t
Because of these findings, Eagle assumed that protection of ingested bacteria from antibiotics was not due to impermeability of the cell membranes to these antibiotics, but was perhaps due to altered bacterial metabolism. However, no correction was made for extracellular fluid contamination of the cell pellet which could have explained the "cell-associated" penicillin values.
Werner, Knight, and McDermott (18) showed that antibiotics were able to penetrate into "artificial abscesses" implanted into mice, thus reinforcing the idea that antibiotics did penetrate to the site where they were needed, but once there, were for some reason ineffective.
Hopps, Jackson, Danauskas, and Smadel (19) found that chloramphenicol eliminated Rickettsia that had infected cultured mouse fibroblasts. This was a fairly slow process and 41% of the cells still had organisms after 7 days of antibiotic treatment. In subsequent studies, Showacre, Hopps, du Buy, and Smadel (20) The present studies support the hypothesis that the inability of penicillin to kill bacteria that are inside phagocytes is due to a lack of penetration of the phagocyte by the antibiotic. Since the oxygen consumption of ingested bacteria continues, this indicates that these microbes are actively metabolizing although the degree of metabolic activity could not be quantitated. Radiolabeled penicillin is actively bound by bacteria but this binding is markedly diminished when radiolabeled penicillin is incubated with bacteria that are inside cells. The small amount of penicillin bound to "intracellular" bacteria could reflect cells that were damaged or dead and thus allowed the entrance of the antibiotic.
Incubation of labeled penicillin or rifampin with leukocyte suspensions was done to measure penetration of the antibiotics into the cells. The total water content of the leukocyte pellet was quantitated with tritiated water and the extracellular water content was measured utilizing Na2SSO4 which has been shown to be a valid measurement of extracellular water in leukocyte suspensions (12, 13) . The penicillin content of the cell pellet could all be accounted for in the extracellular water. In fact, penicillin was an accurate measure of extracellular water when compared with Na2SO4. In marked contrast to penicillin, 2.2 times as much rifampin was found in the cell pellet as could be explained by rifampin in the extracellular fluid. Rifampin, which is a "zwitterion" (25) , was also the only antibiotic (of 18 tested) that was able to penetrate leukocytes and kill ingested organisms. These same 18 antimicrobial compounds were studied to determine ability to diffuse through cottonseed oil and only rifampin could do this. The observation that neither penicillin nor rifampin could kill staphylococci at 50C
suggests that the ability of only rifampsin to kill intracellular organisms is not due to a unique mechanism of action.
Penicillin cannot penetrate leukocytes and cannot kill intraleukocytic bacteria. Most other antibiotics probably are ineffective in killing intracellular organisms for the same reason. The unique ability of rifampin to penetrate phagocytes is the probable explanation for its ability to kill bacteria inside polymorphonuclear neutrophils (6) or inside macrophages (22) .
